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SUMMARY
Highly purified tipopolysaccharides (LPS) obtained from four strains of Pasteurella haemolytica representative of four different se'rotypes were studied to ascertain their overall structural elements and sugar and fatty acid compositions. SDS-PAGE analysis revealed that each LPS was of the smooth-type although they differed in migration patterns. Somewhat unusual features of these LPS included the presence of: (a) rh,~rnnose in the core oligosaceharides of serotypes 2 and 3: and (b) sialic acid in the LPS of serotypes 1 and 5. The fatty acids, myristic, hydroxymyristic and palmitic occur in essentially equivalent amounts in each of these LPS. In addition, stearic acid was present in small amounts in serotypes 1 and 5.
Corresp~mdence to: U.R. Bhal, Complex Carbohydrate Research Center, University of Georgia, Athens, GA 30602, USA.
INTRODUCTION
Pa.~teurclla haemolytica has been shown to play a predominant role in pneumonic pasteurellosis (shipping fever) of cattle and in enzootic pneumonia and septicemia of sheep [I,2] . Fifteen serotypes assigned to two different biotypes (A and T) have been identified [3] . Biotype A serotypes have been associated primarily with shipping fever in cattle [4] and enzootic pneumonia in sheep [5] , whereas biotype T serotypes have been found to be responsible for an acute systemic disease in young adult sheep [5] .
The P. haemolytica cell elaborates several macromo!ecules which have been found to contribute to the pathogenesis of shipping fever. These include the capsular polysaccharide (CP), the extraceUular protein leukotoxin and the lipopolysaccharide (LPS). The LPS has been shown to be antigenic and to form antigenic determinants on the surface of the bacterial cell [6] . Studies involving the use of monoctonal antibodies specific for P. haemolytica LPS have re-vealed strong serologic cross-reactivity among six serotypes and a lesser cross-reactivity among two other scrotypes, indicating shared epitopes among the O-antigens of these serotypes [7] . In addition, it has been reported that P. haemolytica-dcrived endotoxin is associated with pulmonary hemorrhage, edema and acute inflammation [8] . it has also been reported that the cndotoxin is directly toxic to bovine pulmonary endothelial cells in vitro [9] . In an effort to obtain a better understanding of the pathogenesis and immunology of P. haemolytica disease, we have undertaken to isolate and purify LPS from four strains representative of four different serotypes, to acquire an indication of the overall structural elements of these LPS and to analyze the sugar and fatty acid compositions of these LPS.
MATERIALS AND METHODS

Bacteria and growth conditions
The P. haemolytica strains [14] and separating gradient and stacking gels of 5-20 and 5% acrylamide-bisacrylamide, respectively. The LPS bands were visualized by a silver staining method [15] .
Neutral and amino sugars were analyzed by conversion to alditol acetate and t~in;ethylsilyl (TMS) methyl glycosides, respectively [16] . After mcthanolysis, amino sugars were N-acetylated prior to TMS derivatization. Total fatty acid analysis was dt~nc by acid-catalyzed methanolysis, followed by trifluoroacetylation [17] . Sialic acid was also detected by the same method. Gas-liquid chromatography (GLC) was carried out on a Hewlctt-Packard 5890A gas chromatograph equipped with a flame ionization detector. Sugar alditol acetates were separated on a 15 m SP 2330 (Supelco) fused silica column, while TMS glycosides and fatty acid methyl esters were separated on a 3(I m DB-I (J & W Scientific) column. Identification of sugar/fatty acid derivatives was performed on a Hcwlett Packard 5890/5970 GC-MSD system. the steriochemical configurations of the rhamnosyl residues in O-chain and core fractions of scrotypc 2 LPS were determined by analysis of their trimethylsilylated ( + ) and ( -)-sec-butyi glycosides [18] .
RESULTS
3.Z Lipopolysaccharide isolation, purification and composition analysis
Lipopolysaecharides from each of the four P. haemolytica strains were :~olated and purified as described by Darveau and Hancock Jill. The resulting LPS preparations were essentially free of protein, nucleic acid and capsular polysaccharides [12] . The LPS preparations were partially hydrolyzed with 1% acetic acid at 95°C for 1.5 h and centrifuged to remove the lipid A in the pellet. The supernatant containing the degraded polysaccharide portion of the LPS was lyophilized
I. LPA characterization
The SDS-PAGE of LPS samples from the four P. haemolytica strains is shown in Fig. I . The LPS from serotypes 1, 3 and 5 exhibited ladderlike patterns similar to that of E. coti 0Ill:B4 smooth-type LPS that served as a standard. The LPS from serotype 2 lacked ladderlike patterns.
The degraded polysaccharides from all four serotypes, upon fractionation on Sephadex G-50, exhibited two well separated peaks. The first, eluted near the void volume, corresponded to the O-chain. The second peak, which was eluted later, represented the core region. The elution profiles for all strains were similar (data not shown).
2. Sugar compositions
The sugar compositions of LPS from the four serotype strains are given in Table 1 , Some of the LPS preparations contained contaminating SDS and hence gave somewhat lower recovery of sugars. The sugar compositions of the O-chain and core regions are shown in Table 2 . The O-chain 213 of serotype 2 consisted largely of galactose, while that of serotypc 5 consisted predominantly of gluco~, The O-chain of serotype 3 was composed primarily of rhamnose and glucosamine. Gatactose and galactosamine were the major components of the O-chain from serot)'pe l. Mannosamine was detected in the O-chains from serotypes I and 3.
The core regions of all serotypcs consisted largely of k-glycero-D-mannoheptose, D-glycerot~-mannoheptosc and glucose. In addition, the core fractions of serotypes l, 2 and 5 contained galactose. A most interesting feature was the presence of rhamnose in serotypes 2 and 3. The presence of rhamnose in the core oligosaccharides was considered not to be from contaminating O-chains: the two fractions were well separated by gel chromatography and the core fractions did not contain any amino sugars present in the respective O-chains. The serotype 2 strain had rhamnose only in the core region and not in the ,O-chain. The configuration analysis for rhamnosyl residues in O-chain and core fractions of serotype 2 revealed that rhamnose was present in L-configuration in both components.
Occurrence mM location of sialic acMs Ot LPS of seroo'pes 1 and _5
Analysis of LPS from the four serotypes by acid-catalyzed methauolysis followed by N-acetylation and trimethyl silylation revealed the pres- bound in a chain-linked position either in the O-chain or in core fractions. The composition analysis of the O-chain and the core fractions of serotypes I and 5 LPS revealed the presence of sialic acid exclusively in the O-chain fraction. The amount of NANA prerent in these two polysaccharidcs 1441.1 nmol/mg in scrotype 1 and 295.5 nmol/mg in serotype 5) indicates the probable presence of NANA in the repeating units. However, detailed structural investigation of the polysaecharides would be necessary to elicit the exact location of the sialic acids.
Fatty acM compositions
The total fatty acid compositions of the LPS from the four strains arc given in Table 3 . Four fatty acids were identified by GLC and GC/MS analysis, myristic, 3-hydroxymyristic, palmitie and stearic acids. The relative amounts of the myristic, 3-hydroxymyristic and palmitic acids were similar among the four strains. In addition, small amounts of stearic acid were detected in the LPS of serotype 1 and 5 strains.
DISCUSSION
The LPS from four serotypes of P. haemolytica have been characterized in the present study by SDS-PAGE and chemical composition analysis. The PAGE profiles for all samples revealed a smooth-type nature for the LPS. The ladderlike patterns for serotypes 1, 3 and 5 are typical of O-chain heterogeneity, with LPS having larger side chains migrating at a slower rate [19] . The profile for serotype 2 showed a deeply stained band in the region where rough-type LPS migrates and lacked the ladderlike pattern. This type of arrangement may reflect low variability in the number of repeating units. The serotypes 1, 2 and 5 used in the present study belong to biotypc A. In a recent review article, it has been stated that all scrotypes belonging to biotype A ~sscss rough-type LPS and t, hose belonging to biotype T contain smooth-type LPS [20] . Our data contradict this statement in that we find smooth-type LP$ in some serotypes belonging to biotype A. Our results are supported by SDS-PAGE profiles as well as by separation and characterization of the structural elements, the O-chain and core regions.
it has been established that a given bacterial species may contain LPS molecules which are complete (smooth-type) and incomplete (roughtype) [11.21,22] . Approximately 40-50% of the smooth type LPS of E. coil 0Ill contains fewer than five repeating units in the O-chain [21] . Hence the method of isolation of LPS is very important in order to get good yields of both types of LPS molecules. The LPS isolation procedure used in the present study extracts both types of LPS as shown by Darvcau and Hancock l! l] and our earlier reports on Actitltd~acilhl,~ idt'l~ro -pnemnoniae [ 12, 23] .
Chemical composition analysis of O-chain and core fractions of scrotype 3 revealed the presence of rhamnose in both, whereas rhamnose was detected only in the core fraction of serotype 2. Rhamnose is commonly found in the O-chains of a wlriety of Gram-negative bacteria [22] [23] [24] , However, the presence of rhamnose in core oligosaccharides is uncommon. There are reports on the occurrence of rhamnose in core regions of several species of Neiss,,ria [25, 26] , in Ps,'udomonas ,erugbmsa NCTC 199 [27, 28] anti in E. coil KI2 [29] .
Another unique feature is the presence of sialic acid in the LPS of strains representative of serotypes I and 5. The presence of NANA in prokaryotes is very rare and when present it constitutes the component of capsular polysaccharities which is associated with ~acterial virulence [30] . N-acetylneuraminic acid has been reported in LPS from Svbnonella tourca [31] , the purple non-sulfur bacteria Rhodobacter sp. [32] , Rhizobimn meliloti [33] , Campylohater jejuni [34] and N:'£sseria menmgitidis [35] . Sialic acids when present in capsular polysaccharides are exclusively chain-linked as in E. coil KI and K92 [~)]. However, when present in the lipopolysaccharides, the Iocatmn of sialic acids can vary, i.e.. either in the core regions as in Compylol~Jcter jej:mi [34] and Rhcuiobacter sp. [32] or in the O-chain region as in Salmonella tourca [31] . No reports are available on the structural elucidation of the O-chain from Sabnoneil:~ tourca. Hence, it would be interesting to elucidate the repeating unit structures of siatic acid containing O-chain structures including that of P. haemolyticu serotypcs I and 5.
Since all four strains of P. haonolytica used for this study are encapsulated, we anticipated that the sialic acid contained in the LPS of serotypes I and 5 might result from contamination with capsular potysaccharide. However, since the capsule of serotype I has becn shown not to contain NANA [36] and NANA is present in the capsule of serotypc 2 [37] but not in the LPS as demonstrated in this study, it appears highly unlikely that the LPS of serotypcs ! and 5 are contaminated with capsular polysaccharide.
Finally, a previous report on the structure of the LPS of serotype 3 revealed differences in sugar composition from those reported here [38] . This may be due to the different serotype strains used for each study.
